Abstract: A range of novel 4-amino-6-arylpyrimidines has been prepared under mild conditions by an electrochemical reductive cross-coupling between 4-amino-6-chloropyrimidines and functionalized aryl halides. The process, which employs a sacrificial iron anode in conjunction with a nickel(II) catalyst, allows the formation of coupling products in moderate to high yields.
Introduction
The mild and efficient formation of carbon-carbon bonds has always constituted one of the more challenging areas of organic synthesis [1] [2] [3] [4] [5] . In this context, the synthesis of diazaaromatic compounds by cross-coupling reactions has been the subject of a tremendous development over the past years. As they represent important structures, widespread in many agrochemicals and biologically active compounds [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , the preparation of substituted pyrimidines has attracted great attention of the organic community. Therefore, many efforts have been devoted to the arylation of the pyrimidine ring
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unit by using mostly well established palladium-or nickel-catalyzed processes like the Kumada, Suzuki, Stille, or Negishi couplings [18] [19] [20] [21] .
We reported recently the preparation of aryl-and heteroarylpyridazines by an electrochemical cross-coupling procedure employing an iron sacrificial anode [22] and a nickel catalyst [23, 24] . In the continuation of this preceding work, we would like to report herein the extension of our electrochemical procedure to the preparation in moderate to high yields of a range of novel 4-amino-6-chloropyrimidines 3.
Results and Discussion
Although the preparation of substituted diazaaromatic compounds is of current general interest, we were surprised by the lack of reports on the electrochemical arylation of amino chloropyrimidines. As these compounds represent a relevant class of potent pharmacophores, we decided to turn our attention to the synthesis of 4-amino-6-arylpyrimidines 3. The implementation of this study was additionally motivated by interesting results, highlighted in our previous reports on the electrochemical arylation of substituted halo-pyridazines, which had revealed the singular reactivity of these substrates. Indeed, it was noticed (and was not explained to date) that the nature of the substituent was of great importance over the coupling efficiency.
Consequently, we considered that these peculiar features should worth a further fundamental study dedicated to the examination of 4-amino-6-chloropyrimidines behavior in electrochemical couplings. The preparation of 4-amino-6-arylpyrimidines 3 was thus envisaged through a catalyzed reductive cross-coupling reaction between 4-amino-6-chloropyrimidines 1 and aryl halides 2 (Scheme 1).
Scheme 1.
Cross-coupling of 4-amino-6-chloropyrimidine with functionalized aryl halides.
To this end, we decided to employ an electrochemical method, based on the use of an iron sacrificial anode, which had shown to provide very interesting results on similar reaction systems [25, 26] . Few 4-amino-6-chloropyrimidines 1 being commercially available, a range of these starting compounds was initially prepared in high yields by mono-amination of 4,6-dichloropyrimidine using standard procedures [27] . For the implementation of the subsequent electrochemical coupling, preliminary experiments indicated that the most efficient conditions are the following: the reaction is carried out under an inert atmosphere of argon, in undivided cell fitted with an iron rod as the anode, a nickel foam as the cathode, in DMF at room temperature in the presence of nickel bromide 2,2'-bipyridine complex (NiBr 2 bpy) as the catalyst. As reported elsewhere, a pre-electrolysis in the presence of a catalytic amount of 1,2-dibromoethane at 0.2 A during 15 minutes, as well as the use of an overstoichiometric amount of the aromatic halide 2 versus the chloropyrimidine 1, are required for the efficiency of the coupling. A constant current of 0.2 A [28] is then applied until consumption of the starting chloropyrimidine 1.
Using these conditions, 4-amino-6-chloropyrimidines 1 were subjected to electroreductive cross-couplings with diversely functionalized aromatic halides 2. As they represent an appropriate compromise between commercial availability, cost, and reactivity, bromides were generally used. However, when functional groups borne by the phenyl moieties were electron-donating, fluorine, or hydrogen, the corresponding aryl iodides were used instead of aryl bromides to limit the formation of by-products under these conditions. Results are summarized in Table 1 .
The cross-coupling proceeds in moderate to good yields. The nature (electron-donating, electron-withdrawing, halide atoms) and the position (ortho, meta and para) of the substituents borne by the phenyl do not have a notable influence on the coupling when aliphatic or alicyclic amines are linked to the pyrimidine ring ( Table 1 , entries 1-4), except when the substituent of the phenyl is at the ortho position. Indeed, in this case, the yield seems to be more limited, presumably due the steric hindrance of the substituent (Table 1, entry 3) .
Surprisingly, a similar decrease of the yields was also observed with chloropyrimidines substituted at the 4-position by some aromatic amine such as imidazole, pyrrole or 4-methoxyaniline (Table 1 , entries 6, 7 and 8). In the case of imidazole and pyrrole (Table 1, entries 6 and 7), the moderate yields can be attributed to a rapid consumption of a part of the starting chloropyrimidines 1 by dimerization, despite the presence of an excess of the aryl halide in the medium. With 4-methoxyaniline as the amine (Table 1 , entry 8), the coupling reaction is very slow compared to side reactions, mainly corresponding to the reduction of the aryl halide, even in the presence of a large excess of this latter. However, the corresponding coupling product is of particular interest as the further deprotection of the PMP group [29] should give rise to the formation of a -NH 2 substituent at the 4-position. In addition, this latter result is very encouraging since it constitutes, to the best of our knowledge, the first example of an electrochemical cross-coupling involving a diazaaromatic substrate bearing an unprotected N-H substituent. This is of particular significance for further potential transformations of the resulting compounds by N-C bond formations. Additionally, it also constitutes an entry to even more interesting stereoselective additions and functional group interconversions by using, for instance, α-amino esters connected to the pyrimidine moiety. This assertion was partly verified by an experiment involving a chloropyrimidine substituted with a secondary amino ester, L-proline methyl ester (Table 1, entry 9). Although an only limited yield was obtained, this constituted the experimental evidence that the aliphatic CO 2 Me group is compatible with this electrochemical process.
In all the cases, an excess of the aryl halide 2 was used to counterbalance the consumption of a part of the halide by dimerization. Furthermore, it should be noted that for couplings where a rapid consumption of aryl halide is observed (Table 1 , entries 2, 3, 4, 8 and 9), either by reduction of C-halogen bond into C-H, or by dimerization, one additional equivalent of aryl halide is introduced during the reaction to drive the coupling to completion. The mechanism of this cross-coupling reaction might be similar to those already described for this type of electrochemical syntheses [23] (Scheme 2). Accordingly, the electrocatalytic cycle would be initiated by a preliminary reduction of Ni(II) into Ni(0). At this stage, an oxidative addition of Ni(0) into the C-X bond of either chloropyrimidine or aryl halide should be envisaged. A recent electroanalytical work dedicated to the mechanistical investigation of cross-coupling reactions involving chloropyridazine [24] has reported that the oxidative addition proceeds faster with the chloropyridazine than with the aryl halide. This should also be likely the case with pyrimidines derivatives, which should give rise to the formation of HetArNi II Cl species. The monoelectronic reduction of this complex should provide a HetArNi I species which might be involved in a further oxidative addition onto the aryl halide, furnishing a HetArNi III (Ar)X complex. A reductive elimination on this latter should give rise to the formation of the final coupling product along with Ni I X, allowing, after electrochemical reduction, the recovery of Ni 0 which can be reengaged in the catalytic cycle.
Scheme 2. Proposed reaction mechanism.
The efficiency of the procedure proved to be sensitive to the applied current intensity. Consequently, a 0.2 A constant current intensity was found to be the best compromise in terms of reaction efficiency and rapidity. Indeed, it is well recognized [28] (Ar)X by a further Ni(I) insertion into the C-X bond of ArX, which is the desired pathway of the reaction.
Experimental

General
Solvents and reagents were purchased from commercial suppliers and used without further purification. Nickel bromide 2,2'-bipyridine complex (NiBr 2 bpy) was prepared from nickel bromide hydrate and 2,2'-bipyridyl [30] . Reactions were monitored by gas chromatography (GC) using a Varian 3900 chromatograph fitted with an SGE capillary column (l = 5m, Ø = 0.32mm, df = 0.5µm). Melting points were measured on a Büchi B-545 apparatus. Infrared spectra were recorded in ATR mode on a Bruker TENSOR 27 spectrometer and treated via OPUS software. NMR spectra were recorded in CDCl 3 at 400 MHz Compounds which have been previously described in the literature are linked to the corresponding bibliographic references whereas compounds labelled by asterisk (*) are, to the best of our knowledge, new compounds. The asterisk does not correspond to a footnote
Typical Procedure for the Cross-Coupling Reactions
To an undivided electrochemical cell, fitted by an iron rod as the anode and surrounded by a nickel foam as the cathode, were added DMF (50 mL), tetra-n-butylammonium bromide (0.5 mmol, 400 mg), and 1,2-dibromoethane (2.6 mmol, 215 µL). The mixture was electrolyzed under argon at a constant current intensity of 0.2 A for 15 min at room temperature. Then the current was stopped, and NiBr 2 bpy (0.5 mmol, 187 mg), the 4-amino-6-chloropyrimidine 1 (4 mmol), and the substituted aromatic halide (8 mmol) were sequentially added. The solution was electrolyzed at 0.2 A until the starting 4-amino-6-chloropyrimidine was totally consumed (3h30-6h). A saturated EDTA solution (50 mL) was added, and the resulting solution extracted with CH 2 Cl 2 containing 2-5% of methanol (4 × 50 mL). The combined organic layers were dried over MgSO 4 , filtered, and evaporated under vacuum. The crude product was purified by flash chromatography on silica (granulometry 70-200 µm), eluted with a gradient mixture of solvents (pentane/Et 2 O, or pentane/acetone for some polar cross-coupling compounds). .+ , 33), 301 (9), 246 (9), 245 (7), 244, (24), 234 (27) 
Ethyl 4-(6-morpholinopyrimidin-4-yl)benzoate* (3a
4-(1H-Imidazol-1yl)-6-(4-methoxyphenyl)pyrimidine* (3f
Conclusions
In summary, we report in this paper the nickel-catalyzed electrochemical cross-couplings of a range of 4-amino-6-chloropyrimidines with diversely substituted aryl halides. The method provides an efficient entry to some novel 4-amino-6-arylpyrimidines, in satisfactory to high yields. The great functional tolerance of the reaction, as well as the possibility of engaging chloropyrimidines bearing N-H derivatives in the coupling, opens the way to further subsequent transformations by N-C couplings and functional group interconversions. The extension of the reaction to heteroaromatic halides in currently in progress and will be reported in due course.
